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In the course of daily activities, individuals spend varying amounts of time in different spaces where they are exposed to a complex mixture of gas,
vapor, and particulate contaminants. The term complex is used in this paper to refer to binary mixtures as well as truly complex mixtures of three or
more constituents. The diversity of the environments where pollution may occur, the number of pollutants that may be present, and the nature of
the activity in the environment combine to pose a challenge to investigators of the health effects of air pollutants. This article discusses several
methods of measuring or assessing exposure to complex mixture air contaminants that include time-activity assessments, personal monitoring, bio-
markers of exposure, and microenvironmental models that can be employed singly or in combination in a protocol for exposure assessment. The
use of nested designs, involving more intensive data collection from samples or subjects, is also considered. - Environ Health Perspect 101(Suppl
4):167-177 (1993).
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Introduction
Human activities routinelyinvolve exposure
to the complex mixtures of gases, vapors,
and particulate matter that contaminate the
air in most indoor and outdoor environ-
ments. The diversity of environments,
where exposure may occur, and the ofnum-
ber ofpollutants that may be present pose a
challenge in investigating the health effects
ofairpollutants. Forexample, in the course
of a typical day, individuals spend time in a
varietyofboth indoorand outdoorenviron-
ments, such as residences, industrial and
nonindustrial work places, automobiles,
public buildings, and urban orrural outdoor
locations. The many different activities of
work and leisure time also affect the per-
sonal exposures. Although this paper
focuses on inhaled pollutants, it is important
to recognize that exposures also take place
through media other than air and by routes
ofentry other than the respiratory tract.
The lack ofinformation on the charac-
teristics of the complex mixtures found in
most environments makes investigation of
the health effects difficult. Concentrations
of the key compounds of many mixtures
considered relevant to public health have
not been quantified well, and even the
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identities ofmany mixture components are
unknown.
Complex mixtures can be dassified into
three groups that a) originate from single
sources (e.g., environmental tobacco smoke
from active smoking), b) result from physi-
cal mixing ofprimary emissions from multi-
ple sources (e.g., a range ofvolatile organic
compounds [VOCs] emitted from building
furnishings), or c) result from physical mix-
ing of emissions from multiple primary
sources with agents created by chemical
transformations ofthose emissions (e.g., pre-
cursors ofsmog [like nitrogen oxides, hydro-
carbons, and sulfur oxides] reacting to form
ozone and acid partides mixed with other
oxidants and metals). The term complex is
used in the context ofthis paper to refer to
binary mixtures as well as to truly complex
mixtures ofthree or more constituents.
The methodologic challenge faced in
assessment of exposure to each of these
types of mixtures is evident. The compo-
nents ofmixtures, which are relevant to the
health outcomes of interest, may not be
known; and, therefore, the measurement of
all components of mixtures in the context
of an epidemiologic investigation is not
possible for most mixtures of concern. In
any case, such detailed information might
not be readily interpretable without an ade-
quate biologic framework.
As an alternative to full characterization
of mixtures, marker components (also
referred to as tracers, proxies, or surrogates)
have been used to represent exposures to the
mixtures. Markers or indicators maybe spe-
ciational elements, chemical compounds,
size-fractionated airborne particles, metabo-
lites in biologic specimens, variables derived
from questionnaire responses, or model esti-
mates. Ideally, a marker of exposure to a
complex mixture should be unique to the
mixture's source, readily detectable in air at
low concentrations, present in air in a con-
sistent ratio to other components, and mea-
sured easily and accurately at an affordable
cost (1). Unfortunately, exposure measures
of a single marker for a complex mixture
may not reflect toxicity from synergistic
interactions among the components fully.
Tobacco combustion illustrates a sin-
gle-source complex mixture found in
indoor environments. Environmental
tobacco smoke (ETS) is comprised ofhun-
dreds ofdifferent compounds in the parti-
cle and vapor phases (2). Many toxic and
carcinogenic agents have been identified in
ETS, and ETS has been linked to a wide
range of acute and chronic health effects
and to loss ofcomfort (2). Although it is
not possible to measure all components of
ETS, several specific air contaminants and
categories ofcontaminants (nicotine, carbon
monoxide, pyridine, aldehydes, and res-
pirable particles) have been identified as
markers for ETS (1-4). These markers
have proved to be useful in studies ofhealth
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effects, for validation ofquestionnaires, and
the development ofexposure models (5).
Questionnaires have also been used to
assess exposure to ETS by characterizing
smoking in the environments where sub-
jects spend time. Typical questions are
directed to the smoking habits, especially
locale and intensity, of family members or
coworkers (4,6,7). Biologic markers of
ETS exposure, including carbon monoxide
level in exhaled air, carboxyhemoglobin
level, and concentrations ofnicotine and its
metabolite cotinine in body fluids, have
also been used to assess exposure (2).
Volatile organic compounds are a com-
plex mix of contaminants resulting from
multiple sources that exemplify the second
class of mixtures. Hundreds ofVOCs can
be found in indoor and outdoor air. The
many sources of indoor VOCs include
industrial processes, consumer products, and
home and office furnishings. Volatile
organic compounds are suspected to be the
cause ofa wide range ofadverse health and
comfort effects (8). A particular VOC may
be singled out as relevant to a specific health
effect, for example, benzene and leukemia.
However, no single compound has been
identified as the causative agent of irritant
and neuropsychologic effects. For example,
no single marker compound has been iden-
tified for investigation of the hypothesized
association of building-related symptoms
withVOCs. Forexperimental human expo-
sures, one investigator (9) has designed a
mixture of 22 VOCs typically found in
offices, while others use the total mass of
VOCs as an exposure indicator.
The third group ofcomplex mixtures is
illustrated by photochemical smog, which
includes the primary pollutants sulfur diox-
ide, nitrogen oxides, and hydrocarbons and
diverse reactive species produced by atmos-
pheric chemical reactions. Mixtures that
concern health include photochemical oxi-
dants and acidic gases and particles. Because
identification and measurement of all the
reaction by-products of this group are not
possible, markers such as ozone, formalde-
hyde, and acid sulfates are used to assess
exposure. These individual pollutants have
also demonstrated adverse effects; for
example, ozone is a criterion pollutant that
causes transitory, and possibly long-term,
effects at concentrations at or below the
current standard of0.12 ppm.
The challenge faced in assessing exposures
inorderto investigate thehealth effectsofeach
ofthe three types ofcomplex mixtures is evi-
dent. This article reviews the methods
presently available for assessment and covers
concepts ofpersonal exposure, time-activity
assessment, methodsformeasurement ofcont-
aminants, and the use ofquestionnaires and
biomarkers. Theartideendswith adiscussion
ofintegrated approaches for exposure assess-
mentandsuggestions forfurtherresearch.
Concepts ofExposureand
ExposureAssessment
Concepts ofexposure and exposure assess-
ment evolved and maturedduring the 1970s
Figure 1. Contaminant sources and effects continuum (10).
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and 1980s from studies involving large-scale
measurements ofthe exposures ofindividu-
alsandsamplepopulations. The 1991 report
ofthe Committee onAdvances in Assessing
Human Exposure to Airborne Pollutants of
the National Research Council sets out these
concepts and details approaches for using
them in the context ofepidemiologic studies
(10). The committee defined exposure as
"an event consisting ofcontact at a bound-
arybetween ahumanandtheenvironmentat
a specific environmental contaminant con-
centration for aspecified interval oftime; the
units to express exposure are concentration
multiplied by time." Dose is defined as the
amount of the pollutant absorbed or
deposited in the exposed person over a par-
ticular period of time. These definitions
mustbeconsideredinthecontextoftheaver-
agingtime relevant to the biological response
ofconcern. In an environmental epidemiol-
ogy study, exposure assessment approaches
should be based on an understanding ofthe
biologically relevant time frame for the expo-
sure-effect association under study. For
example, exposures to radon in a study of
lung cancer need to be assessed over periods
ofyears rather than days orweeks. The time
frame for assessing exposures to some single
agents with well-characterized adverse effects
may be evident; but for complex mixtures,
however, itmaybedifficulttospecifythebio-
logically relevant time frame because the
principal active components ofthe mix may
be uncertain and the time courseofthe inde-
pendent and combined effects unknown.
The study ofVOCs as a potential cause of
sick-building syndrome exemplifies these
problems. The mixture ofVOCs indoors is
diverse and variable over time, the health
effects examined are varied, and exposures
may take place in a number of different
microenvironments overvarying intervals.
TheNational ResearchCouncil committee
providedagenealframeworkforratingsources,
mediaofexposure, exposure, dose, andhealth
effects (Fig. 1). Forairpollutants, aless com-
plexmicroenvironmental modelhasbeenused
to guide the development ofexposure assess-
ment approaches. This model is appropriate
forpollutants forwhich air is thesole medium
ofexposure(e.g.,carbonmonoxideandozone).
A microenvironment is generally defined as
a location where the concentration ofa pol-
lutant is considered to be spatially uniform
during the time that individuals are exposed
in that location. Integrated individual expo-
sure from a medium or media to apollutant
can be estimated as the weighted average of
the concentrations in the relevant microenvi-
ronments by using the time spent in the
microenvironments as theweights (10-13).
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Table 1. Analytical method selection.8
Factor Ideal condition
Sensitivity Detects analytes at levels belowthose causing adverse health effects; sensitivity 0.1X level of interest; range 0.1X-1OX level of interest; preci-
sion and accuracy+/-5% easyand accurate calibration
Selectivity No response to similarcompoundsthat might be present simultaneously with the analyte of interest
Rapidity Short sampling and analysis times compared with biological response time orwith significant changes in contaminant concentration; response
time 90% in less than 30 sec; RS232 or equivalent output
Comprehensiveness Sensitive to all contaminants that could result in adverse health effects
Portability Sampling and analysis device is rugged and can be worn without modifying the normal behavior of individual; low power consumption; battery
operated; stabilization time less than 15 min; temperature range -20 to 40' C; humidity range 0 to 100%
Cost Cost ofsampling and analysis is not prohibitive; inexpensive, readily available components; fewconsumables; low maintenance
aData from the National Research Council (10)
Table2. Status of personal monitor development.
Monitor Monitor under Prototype under Tested and Used in pilot Used in large Ready for
Pollutants needed development development evaluated studies field studies routine use
D D D D D D D
CO 4 4 4 4 4 4 4
NO2 4 4 4 4 4 4 4
Vapor phase nicotine for ETS 4 4 4 4 4 4 4 4
Inhalable particles (<10 pm diameter) 4 4 4 4 4 4 4 4 4 4
Formaldehyde 4 4 4 4 4 4 4 4
VOCs 44 4 4 4 4 4
PolarVOCs 4 4
Pesticides NA 4 4 4 4 4 4
Radon 4 4 4 4 4 4
PAH NA 4 4
Biological aerosols NA 4 4 4 4 4 4 4
House dust NA 4 4 4 4 4 4 4
03 44 4 4
Abbreviations: D, direct readout; I, integrating collection ofsamples; NA, notapplicable
aData from the U.S. Environmental Protection Agency(17)
Approaches to measuring personal expo-
surestoairpollutantscanbedassifiedasdirect
orindirect (10). In the direct approaches for
inhalation exposures in the microenviron-
ments ofinterest, measurements ofexposure
are obtainedbydirectpersonal monitoring in
thebreathingzoneorbytheuseofappropriate
biological markers. Indirect approaches are
based on the microenvironmental model.
Measurements ofapollutant are made in the
relevantmicroenvironments, andinformation
is gathered on the human time and activity
patternsandtheweightsfortheconcentrations
in the exposure model. The measurements
andthe timeandactivityinformation areused
to calculate integrated exposure. With this
model, itispossibletoapportionthecontribu-
tionfromvarious sources andlocations.
PersonalMonitoring
Ofthe approaches currently available for
exposure assessment, personal monitors offer
the most promise for minimizing uncertainty
about the degree ofcontactwith a contami-
nant (10). However, there are inherentdiffi-
culties involved in personal monitoring,
including determination ofthe appropriate
duration ofmonitoring, obtainingvalid sam-
pleswithoutaltering thesubject's behavior or
activities, and the development ofsmall and
reliabledevices. TheCommitteeonAdvances
in Assessing Human Exposure to Airborne
Pollutants ofthe National Research Council
hasenumeratedthefactorstobeconsideredin
assessing monitoring devices (Table 1).
Personal monitors appropriate forepidemio-
logicresearch shouldprovideadequateinstru-
mental specificity and awide detection range
for the biologically active or surrogate com-
pounds ofconcern.
The use of a personal monitoring tech-
nique should be accompanied bysimultane-
ous data collection on locations where time
is spent and on activities in the locations
(see below) (10,12,14-18). Data from a
study that integrates assessment of sources
and their locations with personal monitor-
ing can be analyzed for the contribution of
specific sources to exposures and can also
provide a basis for developing exposure
models (19,20).
In1988,theU.SEnvironmental Protection
Agency (EPA) summarized thestatus ofper-
sonal monitors (Table 2) (17). The status of
the monitors varies widely among the pollu-
tants. Forsomepollutants, thepersonal mon-
itoringtechnologyisavailable, butthedevices
still require improvement. The VOCs are
particularlyproblematic, due in large part to
the myriad ofcompounds that maybe found
indoorsandoutdoors. Forsomecompounds,
the time needed to collect an adequate per-
sonalsamplemaybetoOlongto linkexposure
with an acutebiologicresponse.
Ofthe personal monitors now available,
several are relevant to the example mixtures
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considered by the working group. Passive
badges have been developed for exposures
to NO2 generated by combustion and for
nicotine in tobacco smoke (10). Nicotine
samples have been collected for periods as
short as one day (10,21). Techniques for
personal monitoring of radon, ozone, and
the VOCs are not as well developed (10).
Personal VOC samplers that use Tenax or
a series ofsorbents for passive and/or active
collection are available, but these accurately
detect only a limited number of com-
pounds (10). The current efforts to employ
multiple sorbents in asamplerhave increased
versatility by enabling the sampler to col-
lect more compounds.
Apersonal dosimeter recentlydeveloped
for radon was used in a personal exposure
study conducted in NewJersey (22). Most
epidemiological studies ofradon have used
microenvironmental measurements; how-
ever, these measurements do notcapture the
exposures that occur in microenvironments
other than the home (23). The new per-
sonal radon dosimeter is an example ofa
long-term personal monitor that should
decrease uncertainty in individual exposure
estimates in environmental epidemiological
studies oflung cancer.
Personal monitors for ozone exposure
are being developed (17,24). However,
these monitors provide integrated exposure
estimates over periods of several hours or
days, depending on the concentration of
ozone, and most of them do not measure
biologically relevant short-term exposures
between 1 and 4 hr.
Techniques for measuring reactive acidic
partides and gases using asystem ofannular
denudersandfilterpackshavebeendeveloped
(25). The system has been employed as an
indoorandoutdoormonitorespeciallyforacid
sulfate and nitrate species. Some effort also
has been made to develop a proto type per-
sonal monitor that measures a limited num-
ber ofionic species. All monitors, however,
measure onlytotal partide acidity, as hydro-
gen ion (H+), and do not speciate H2SO4
from NH4HSO4, which may be ofgreater
biologic relevance (26,27).
In contrast to the estimation of other
example pollutant exposures, estimation of
exposures to ozone and acidic sulfate parti-
cles may not require personal monitoring
because they are regional pollutants, and
outdoor monitors may be sufficient for esti-
mating the personal exposures sustained bya
population (28,29). However, dose estima-
tion ofthese compounds for individuals also
requires valid questionnaire information on
the amount of time the individuals spent
outdoors and their level ofparticipation in
athletic activities and other activities that
increase pulmonaryventilation (10).
Forthemixturesaddressedinthesepapers,
representative personalandmicroenvironmen-
tal monitors are shown in Table 3 (30).
Although these monitors holdpromise, their
sensitivity and time resolution may not be
compatible with current research needs. In
addition, the fixed samplers are not always
available in a form that can be used in all
microenvirornments. Anexceptionistherecent
partidesizeselective samplers,which areinte-
grating devices designed foroperationwithin
residential settings, outdoors, orinworkplace
settings (10,26,31,32). Real-time, continuous
NO2 and03 monitorsarestil unavailablefor
convenient operation in residential settings.
Thefixed-site outdoorsamplertypicallyused
in a trailer orsimilarlocation is still the only
accurate instrument available formonitoring
NO2 and O3, and these instruments are not
incorporated readily into studies of the
indoor residential environment.
lime-ActivityAssessment
Time-activity patterns determine the dura-
tion ofexposure to complex mixtures in rel-
evant microenvironments. Three general
categories of microenvironments can be
used to describe most exposures to complex
mixtures: a) environments where exposures
to complex mixtures result from multiple
sources emitting a class of contaminants
(e.g., VOCs from building materials and
furnishings); b) environments where expo-
sures to complexmixtures occurbecause the
source emits contaminants with dissimilar
properties (e.g., gas and kerosene combus-
tion can produce inorganic reactive gases,
organic and inorganic particulate matter,
organic vapors, and nonreactive inorganic
compounds); and c) environments where
exposures to complex mixtures occur
because dissimilar source types are present
(e.g., soilgas containing radonandcigarette
smoke producing ETS).
The collection of time-activity data
maybe essential for estimating exposures to
complex mixtures in each of these three
types of environments. People integrate
exposures to single-compound and com-
plex mixtures through a range ofcommon
activities. These activities place people in
specific microenvironments and determine
their proximity to sources. In addition,
activities relevant to the estimation of
exposure may be diverse among individuals
and highly variable for each individual.
Activities vary among individuals because
of age, ethnicity and race, socioeconomic
status, health status, weather, and other
factors. The variation in types and levels of
activity probably is a strong determinant of
variation in exposures to complex mixtures.
Theapplication oftime-activityinforma-
tiontoestimationofexposuresinanepidemi-
ologic study requires in-depth consideration
ofthebiologicallyrelevantexposuremeasures.
Forshort-term responses, it maybe necessary
to assess time-activitywith a degree oftem-
poral resolution that is not appropriate for
long-termresponses. Therelevantmicroenvi-
ronments should also be determined in the
analyses. Asapproaches to datacollection are
developed, emphasis should be placed on
accuratelymeasuring time in the microenvi-
ronments where subjects are exposed to the
mixture being studied and on describing
activities that may lead to contactwith one
ormore components ofthe mixture.
Diary,recall,andobservationalapproaches
have been used to assess time and activity
patterns (10,18,20). Inthediaryapproaches,
subjects are asked to complete a log oftheir
activities that typically captures sequential
information on each activity, its location,
and its duration. An alternative approach
asks subjects to account for each time inter-
val ofa given period in regard to activities
andlocations. Subjects mayalso beaskedto
supplyinformation ontimeandactivitypat-
terns by recall. Direct observation ofsub-
jects has received littleapplication in studies
ofhuman exposure.
Techniques for applying time-activity
data to studies of total human exposure
and the data sets that are available have
been reviewed by Ott (20) and Robinson
(18). Specifically, time-activity data from
both the time budget and national travel
surveys have been used to describe time
spent in pollutant-relevant microenviron-
ments for selected groups in the population
(33,34). As new time-activity data have
become available, researchers have updated
and validated exposure models (35,36).
Higher resolution time-activity data
should improve predictions in the absence
ofpersonal exposure data.
Data from a recent statewide study of
time-activity patterns of Californians over
11 years ofage are used in Figure 2 to illus-
trate the activities and percent of time
spent in a few generalized locations (37).
A finer resolution of these patterns is
required to quantify health effects, identify
populations at risk, and formulate effective
management strategies. For example,
Jenkins et al. (37) were interested in iden-
tifying the duration, frequency, and loca-
tion ofexposures to specific indoor sources.
Table 4, reprinted fromJenkins et al. (37),
describes the frequency and duration of
adult activities associated with exposures to
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Table 3. Monitoring equipment for particulate matter for indoor air quality studies.a b
Sensitivity and
Pollutant sampler Manufacturing company Integrating time Approximate cost
Radon: track etch Terradex Corporation 1 to 3 month exposure $20to $60depending
460 N. WigetLane
Walnut Creek, CA 94598
(415)938-2545
RTCA
12West Main Street
Elmsford, NY 10523
(914) 347-5010
1 to4 pCi/L
4days
0.1 pCi/L
on sensitivity desired
$35/canister includes
shipment and analysis
costs
Industrial Scientific Corporation
355 Steubenville Pike
Oakdale,PA 15071
(412) 758-4353
Organic vapors:
hydrocarbon chemical
reaction tubes
National Draeger Inc.
P.O. Box 120
Pittsburgh, PA 15230
(412)787-8383
100to 3000 ppm for
4to8hr
3M Corporation
Technical Service Department
3M Center
St. Paul, MN 55144
(612) 733-1110
Depends onvapors and
sampling times;
minimum level, 10/mg
$10/badge; $50 to $300
analysis by GC or
GC/MS
Air Quality Research, Inc.
901 Grayson Street
Berkeley, CA 94710
(415)644-2097
E.l. Dupont Company
Applied Technical Division
P.O. Box 110
KennettSquare, PA 19348
1 (800) 344-4900
3M Corporation
Technical Service Dept.
Building 260-3-2
3M Center
St. Paul, MN 55144
(612) 733-1110
5to 7 days $48/kit, includes 2
monitors, analysis
and report
1.6to 54 ppm/hr up
to7 days or 0.2to
6.75 ppm/8 hrTWA
0.1 ppm for8 hr
NO2: personal and alarm
NO2: diffusion tubes
NO2: diffusion badge
MDA Scientific
405 Barclay Boulevard
Lincolnshire, IL 60069
1 (800) 323-2000
Environmental Sciences and Physiology
Harvard School of Public Health
665 Huntington Avenue
Boston, MA 02115
(617)432-1000
Environmental Sciences and Physiology
Harvard School of Public Health
655 Huntington Avenue
Boston, MA 02115
(617) 432-1000
2to3 ppm; 1/3TLV
electrochemical cell
based 15minto 8hr
TWA
500 ppb/hr integrated
50 ppb/hr
$800/detector;
$100/output;
$2075/dosimeter;
$1045/read-out unit
$10/tube, research only
$15/badge, research only
CO: passive badge Lab Safety Supply Co.
P. 0. Box 1368
Janesville, WI 53547
(608)754-2345
50 ppm for 8 hr
produces colorchange
$3/holder; $12.75/10
indicating papers
(Continued)
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Radon: charcoal
canister detector
Organic vapors
Organic vapors:
charcoal badges
$3/tube, $900for
pump and
accessories
Formaldehyde:
diffusion tube
Formaldehyde:
pro-tek adsorption
badge
Formaldehyde:
diffusion monitor
$20/badge; $25to
$80foranalysis
$37/monitorand
analysisLEADERERETAL.
Table 3. Monitoring equipment for particulate matter for indoor air quality studies a,b (continued).
Sensitivity and
Pollutant sampler Manufacturing company integrating time Approximate cost
CO: detector tube integrated National Draeger Inc. 2.5 ppm for8 hr $255 pump and
P.O. Box 120 accessories; $3/tube
Pittsburgh, PA 15230
(412) 787-8383
CO: detector tube grab Sensidyne Inc. 5 ppm/min $130 pump; $2/tube
12345 Sparkey Road
Suite E
Largo, FL 33543
(813) 530-3602
Nicotine for ETS John B. Pierce Laboratory 0.01 gg $55/sample
diffusion monitor 290 Congress Ave. sampling rate
New Haven, CT 06519 of24 mL/min
(203) 562-9901
Integrated gravimetric; Cyclone separators with 1.7 L/m Pumps $200 to $700;
particles <3.5,m diameter filter. Several manufacturers filters$2; cyclones
of cyclones, filters, and pumps $20 to $100
Integrated gravimetric; National Bureau of Standards 6 L/m Unknown
particles between 10 Under EPA Contract Separates using
and 3gm and less U.S. EPA filters in series;
than 3 pm diameters Research Triangle Park, batteries
NC 27711
(919) 541-2350
Instantaneous GCA-Mini-RAM $2500
(2/10 sec); TSP or RSP; (personal aerosol monitor)
0.1 to 10 p forward GCA Corporation
light-scattering 213 Burlington Road
Bedford, MA 01730
(617) 275-5444
Continuous; RSP Handheld Aerosol Monitor >10pg/mi3 $3000 to $10,000
submicron light- (HAM) PPM Inc. mass concentrations;
scattering multi- 11428 Kingston Pike 1.5 L/sec
sensor monitor Knoxville, TN 37922
(615) 966-8796
aParticles can be measured using a variety oftechniques. Using cyclone or impactor separators, smaller size fractions can be collected on filters. Mass can also be measured
using the optical properties of particles. Measuring particles usually requires equipment costing several hundred to a few thousand dollars. Equipment using filters requires
thatthey be preweighted and postweighted in a temperature- and humidity-controlled room.
bData from Samet et al. (30)
Table 4. Adult diary activity episodes with smokers present in locations with high frequencies or exposure times.
Total number of Number of episodes Percent of episodes Average minutes per episode
Location of activities activity episodes with smoker present with smoker present with smoker present
Own living room orfamily room 4653 442 9 88
Restaurants 778 327 42 68
Car 5420 323 6 33
Own kitchen 4045 215 5 44
Office building/bank 841 188 22 153
Industrial plants/factories 340 125 37 173
Shopping malls 755 120 16 86
Bars/nightclubs 133 104 78 99
Other public buildings 245 62 25 135
Playgrounds/parks 248 51 21 120
Hospitals/doctors' offices 284 37 13 133
Others' homes 155 9 6 11
Beauty parlors/barber shops 49 9 18 138
aData from Jenkins et al.(37)
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Figure 2. Percent of day spent in different locations. From Jenkins et al. (37).
environmental tobacco smoke. Overall, the
largest number of contacts with smokers
occur inside the home environment, but the
percentage ofhome activities associated with
smokers is actually small. On the otherhand,
visits to restaurants, bars, and nightdubs are
frequently associated with the presence of
smokers. With a knowledge of the concen-
trations encountered in these microenviron-
ments and of the potency of the complex
mixture, the health risk to the population or
tospecificsubgroups could be assessed.
Questionnaires
Questionnaires are the least expensive
method for obtaining either retrospective or
prospective information on the exposures of
large populations, and they have been the
method most commonly used for exposure
assessment in epidemiologic studies.
Questionnaires can be used to categorize
exposures to sources and to describe the
environmental characteristics that affect
concentrations and activities, which, in
turn, affect exposures and doses of inhaled
pollutants. Questionnaires have been used
extensively to provide a classification of
potential exposures to sources and to obtain
information on potential confounding and
modifying factors. Questionnaires fre-
quently ask simple questions such as "Do
you live with a smoker?" or "Do you have a
gas stove?" Others may be more specific,
aimed at a particular source orpollutant.
In the indirectmethodofexposure assess-
ment based on the microenvironmental
model, the approach is to model the factors
that govern the generation, dispersal, and
removal ofthe air contaminant mix. Inputs
to the models may include information col-
lected by questionnaire, such as time-activ-
ity information, a source inventory, and
patterns of source use. For example, in
modeling NO2 levels in a residential envi-
ronment, questionnaires might ask for infor-
mation on the sources (presence of a gas
range and number ofpilotlights, presence of
a gas water heater, and presence of a gas
dryer), source condition (age ofthe range),
source use (numberofburnersused, lengthof
time used, flame setting, and use of oven to
heat the house), and the removal and disper-
sal ofcontaminants (use ofoutside-vented
range hood andvolume ofhome).
Questionnaires can play a major role in
assessing exposure to complex mixtures.
Exposures to ETS andNO2, which are ubiq-
uitous in indoor environments, can be
assessedwithsufficient accuracyinlarge-scale
studies by using several different question-
naire approaches. For example, an initial
screeninginstrumentfor sourcesmightdeter-
mine the smoking status ofthe household
members and the presence of gas appliances
in thehome. Theresulting source-based cat-
egories could be refined by questionnaires
that assess the time spent in other environ-
ments, such as in day care, work, and out-
doors, where exposures also may occur. The
results could be further refined by question-
naire information related to the characteris-
tics ofthe sources and the patterns oftheir
use. Forexample, estimates ofETS exposure
could incorporate the location ofsmoking in
relation tothesubjectandthenumberofcig-
arettes smoked in the home. The question-
naire approach should be designed to assess
exposures on a relevant time basis.
Questionnaire-based exposure measures
canbemademoreaccurateifsupplementedby
air monitoring-for example, passive moni-
toringfornicotineandNO2indoorsandboth
passive and active monitoring for NO2 out-
doors-andbyuseofbiomarkerssuchasurine
cotinine. Leaderer et al. (38) have described
nestedapproachesforapplyingthemorecostly
andintensivetechniquesofairmonitoringand
measurement ofbiomarkers within an epi-
demiologicstudypopulation. Themoreaccu-
rate information obtained in the nested study
can be used to estimate the error associated
with the questionnaire method applied to the
entirestudypopulation.
In the assessment ofexposures to acidic
aerosols andphotochemical oxidants, another
mixture considered byworkshop participants,
questionnaires would be oflittle value for
estimating the concentrations in microenvi-
ronments. However, questionnaires would
be useful for determining the time-activity
patterns, the time spent outdoors, and the
level ofphysical activity (29). Although acid
aerosol and photochemical oxidants are pri-
marily outdoor contaminants, there are
indoor sources such as kerosene heaters,
which may produce acid species, and mal-
functioning air cleaners, which may emit
ozone. The importance of these sources
could be assessed by questionnaires. In addi-
tion, contaminants from outside can pene-
trate the building at a rate determined largely
by the type ofbuilding and the air treatment
equipment. Questionnaires can provide
someinformation on these factors.
Questionnaires also have been used
widely to provide retrospective assessment
ofexposures in the examination ofthe rela-
tionship between lung cancer and ETS and
residential radon exposures in case-control
studies. The questionnaires are used to
assess ETS exposures in several microenvi-
ronments, to obtain residential histories, to
estimate the time spent in each residence,
and to determine other sources of expo-
sure. This kind of questionnaire data is
subject to both random and nonrandom
sources ofbias (39).
Exposures to VOCs, another example
mixture, cannot be assessed readily by ques-
tionnaire. Volatile organic compounds are
emitted from a large number of sources,
and exposures occur in nearly all microen-
vironments. However, questionnaires can
be used to assess the presence, absence, or
use of potential sources such as cleaners,
paints, new carpets, or dry cleaning, and
indicate potential exposure. In studies of
sick-building syndrome, such question-
naires form a major part of the exposure
assessment component ofthestudy (40).
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Biomarkers of Exposure
Biomarkers show promise in epidemiologic
studies as indicators of internal dose, bio-
logically effective dose, early biological
effects, altered function, and dinical disease
(41,42). Within the context ofassessment
of exposure to air contaminants, biomark-
ers of exposure refer to cellular, biochemi-
cal, or molecular measures that are obtained
from biological media such as human tis-
sues, cells, or fluids and are indicative of
human exposure to air contaminants (10).
The markers are indicators of changes or
events in human biological systems (10)
and indude indicators ofboth the internal
dose and the biologically effective dose. A
measure of internal dose indicates the
amount of the contaminant absorbed into
the body over a period oftime. It is also a
measure of the contaminant itself or its
metabolites-for example, lead level in
blood; cotinine or nicotine levels in urine,
blood, or saliva; and concentrations of
VOCs in exhaled air. The biologically
effective dose refers to the amount of the
contaminant or active metabolites delivered
over a period of time to the target site.
Some markers ofbiologically effective dose
include protein adducts, DNA adducts,
and sister chromatid exchange.
Recently, the use ofbiomarkers ofexpo-
sure in epidemiologic studies has been dis-
cussed as offering methodology that may be
useful in a) assessing the integrated exposure
from all routes ofentry (total exposure); b)
reconstructing exposures; c) reducing error
in respondent-provided exposure informa-
tion resulting from biased recall, deliberate
misinformation, inability to remember, and
lack of knowledge; d) reducing exposure-
associated misclassification and thereby
enhancing study power; e) describing expo-
sure-dose-response relationships, particu-
larly when the target contaminant and its
metabolic by-products can be identified and
measured, for example, as with carbon
monoxide or lead;f) identifying individuals
or populations at risk through high expo-
sure; andg) providing an independent mea-
sure of exposure for validating other
measures (such as questionnaires ormodels).
The relationship between the biomarker
and exposure may be complex. It might
vary with other environmental factors such
as sources and activities andwith theuptake,
distribution, metabolism, location, and
mode of action of the compound or com-
pounds ofinterest. Biomarkers ofexposure
are indicators of dose and do not directly
represent actual environmental exposures.
Although external measurements and phar-
macokinetic or pharmacodynamic models
are needed to estimate quantitative expo-
sure from measured biomarkers, biomark-
ers do provide an indication that exposure
has occurred.
To be useful, abiomarker ofexposure for
an aircontaminantshouldbechemicallyspe-
cific;detectable intracequantities; measurable
in samples obtainable by noninvasive tech-
niques; inexpensive to collect, handle, and
assay,andquantitativelyassociatedwithexpo-
sures encountered in the community setting
(10). The utilityofabiological marker in an
epidemiologic studyalso depends on its bio-
logicalrelevance, thelevelofunderstandingof
itspharmacokinetics andpharmacodynamics,
the temporal relevance ofthe marker to the
exposureofinterest, itsbackground levels, and
the feasibility ofits application. Additional
considerations for usingbiomarkers for com-
plex mixtures include the uniqueness ofthe
marker for the mixture; the relation ofthe
marker to concentrations ofother compo-
nents; and the relation ofthe marker to the
uptake, distribution, metabolism, location,
andmode ofaction oftheothercompounds.
Assessment ofexposure to environmental
tobacco smoke demonstrates the advantages
and disadvantages of using biomarkers as
indicators ofexposure to complex mixtures.
Many biomarkers have been proposed as
indicators for ETS (2,3), including thio-
cyanate, carboxyhemoglobin, nicotine, coti-
nine, N-nitrosoproline, aromatic amines, and
protein or DNA adducts. Although these
biomarkers indicate that exposure has taken
place, they may not indicate the contami-
nants in the mixture that cause the adverse
effect under study. Available biomarkers for
ETS also show considerable variability
between individuals, and most ofthem cap-
tureonlyshort-term exposures. These mark-
ers have not been evaluated adequately in
controlled conditions for sensitivity, speci-
ficity, reproducibility, and relation to air
exposures at realistic environmental levels.
Some ofthe markers, such as carboxyhemo-
globin, thiocyanate, and DNA adducts, are
not specific to ETS exposure, while others,
such as thiocyanate and carboxyhemoglobin,
are not sufficiently sensitive for the concen-
trations of ETS typically encountered.
Nicotine and its metabolites, principally
cotinine, are usedwidelyas specific biomark-
ers ofexposure to ETS. However, we lack
data that relate the levels ofthese biomarkers
to air exposures in different environments,
such as the work place and the home, or to
long-term exposures. Cotinine, however, has
been useful forvalidating questionnaires and
identifyinghigh- andlow-exposure groups.
Exhaled levels ofspecific VOCs recently
have been explored for use as biomarkers of
exposure to complex mixtures of VOCs
(10). Measurements ofexhaled VOCs can
indicate that exposure to specific com-
pounds has taken place. However, the
relationships between levels of individual
VOCs and the complex mixtures present in
different microenvironments are undoubt-
edly complex and variable and depend on
uptake, metabolism, and excretion of the
compounds.
At present, biomarkers cannot be used
alone as indicators of exposure to complex
air contaminant mixtures in epidemiologic
studies because theydo notprovide sufficient
information on the frequency, duration, and
magnitude ofexposure. However, they may
provide insights into dose-response relations
in the population under study; and they can
reduce misclassification of exposure to spe-
cific compounds. Biomarkers only provide
an indirect measure ofexposure and should
be used in combination with direct mea-
sures, such as air sampling, questionnaires,
and models.
Integration of Exposure
Methods
The selection of one or more methods of
assessing exposure for an epidemiologic
study should consider the specificity ofthe
stated hypothesis, identification ofthe com-
plex mix ofcontaminants or sources, and the
existingstate ofknowledge. When designing
an exposure assessment protocol, it is impor-
tant to considermany issues like theavailable
resources (such as finances, work force, air
sampling equipment, and laboratory analyti-
cal support), the sizeofthestudypopulation,
thewillingness ofthesubjects to participate,
the time frame for completing the study,
the suitability of the exposure methods
available (biological markers, air monitors),
and the acceptable level of uncertainty in
the assessment ofexposure.
No single method of assessing exposure
to complex mixtures is without drawbacks.
Personal monitors can provide only a mea-
sure of individual.compounds; they cannot
determine the microenvironments in which
the exposures take place or provide informa-
tion on thefactors controlling the concentra-
tion. They also represent a respondent
burden. Biomarkers ofexposure, although
provided an indication ofdose, may not be
related readily to exposures, particularly
exposures to complex mixtures. Biomarkers
may also be limited by inadequate sensitivity
and specificity, and they require costly and
invasive approaches for specimen collection.
Air monitoring of different microenviron-
ments tends to be compound-specific and
needs to be combined with time-activity
Environmental Health Perspectives Supplements
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information to generate estimates ofpersonal
exposures. Questionnaires, as we have dis-
cussed, are subject to error and can introduce
misclassification ofexposure status.
The goal of any exposure assessment
effort made in support of epidemiologic
studies ofthe effects ofcomplex mixtures is
to provide sufficiently accurate and precise
measures of exposure and dose in a cost-
effective manner. Strategies are needed to
integrate and utilize the strengths of the
various exposure assessment methods. One
such approach, the nested exposure assess-
ment strategy (1,38), utilizes questionnaires
to acquire an easily measured indicator of
exposure on the whole population under
study, while simultaneously obtaining
more detailed exposure information by
using more sophisticated and expensive
measurement techniques such as personal
monitoring and biomarkers, on ever-
decreasing numbers ofsubjects (Fig. 3). In
this strategy, the questionnaires provide a
measure of exposure with a higher level of
uncertainty; the more intensive measures
provide a lower level of uncertainty. The
more intensively monitored groups could
be randomly selected or purposefully sam-
pled to address specific exposure issues.
Measures of exposure in the intensively
monitored subgroups could then be used
to model the exposure to the full popula-
tion and to provide an estimate ofthe mag-
nitude and direction of the uncertainty
associated with exposures estimated from
the questionnaires. Additional exposure
issues which could be addressed in different
nested studies include the generation, trans-
port, and fate of compounds; the develop-
ment and validation of predictive models;
the evaluation of monitoring techniques;
the relation between average and peak con-
centrations; and the evaluation of, or rela-
tion between, air exposures and biomarkers
ofexposure.
The nested exposure assessment strategy
could, for example, be utilized in assessing
exposures to ETS andNO2 in astudyofthe
effect of these pollutants on respiratory
infections in children. At the first level of
exposure assessment, biweekly telephone
questionnaires could be used for the whole
studypopulation toacquirerespondent-esti-
mated exposure to passive smoke and NO2
in different environments. This would be
accomplished byasking questions about the
number ofcigarettes smoked in the home,
the location in the home where they are
smoked, gas stove and kerosene heater use,
and the time spent in the environments (out-
doors, day care, school, and home). During
one 2-wk period, a sample ofrespondents
Environmental Health Perspectives Supplement
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(second level ofmonitoring) could receive,
in addition to the questionnaire, passive
monitoringfor vaporphase nicotine (an ETS
marker) and NO2 in one orseveral locations
inthehome. Atthislevel, samplingmightbe
conductedseveral times during the course of
the study to as certain temporal variations.
The third level ofexposure assessment, con-
ducted on a smaller sample, could indude, in
addition tothe measures employedinthefirst
and second levels, more detailed assessments
such aspersonal passive monitorsfornicotine
and NO2, passive monitoring in environ-
ments other than the home, and time and
activitydiaries. Afourth level ofassessment,
conducted on a still smaller sample, could
employ yet a greater level of exposure assess-
ment detail by acquiring urine samples for
cotinine analysis, continuously monitoring
NO2 and respirable particles, collecting
source-use diaries, counting or collectng cig-
arettebutt, andmeasuringventilation rates, all
inaddition to the measures obtained in levels
one through three.
Theexample mixtures considered in these
papers (VOCs,radonandETS,ETSandNO2,
and photochemical smogand acidic aerosols)
exemplify the types ofmixtures that are of
present public health concern as well as the
difficulties ofcharacterizing population expo-
sures to complex mixtures. Exposure char-
acterization studies have been conducted for
individual components ofcomplex mixtures,
such as radon, ETS, NO2, 03 and a limited
number ofVOCs (3,10,23,29,30,43,44).
The extent ofthe information is limited, and
notall relevant microenvironments have been
adequately assessed.
Population-based data are not available
for any ofthe four mixtures. Further, few
epidemiologic studies that involved com-
prehensive multiple-contaminant monitor-
ing, particularly with personal monitoring,
have been performed. The most compre-
hensive investigation to date is the Harvard
Six Cities Study, and even in that study,
selected participants wore monitors for
only brief durations during the studies of
short-term health responses. The exposure
estimates in the Six Cities Study were based
primarily on microenvironmental studies
ofthe outdoor air (45).
Summary
During the last decade, substantial progress
has been made in developing methodolo-
gies for assessing exposures to specific envi-
ronmental contaminants in inhaled air.
The newer techniques include personal
monitoring, microenvironmental models,
and biomarkers of exposure. We also have
recognized that measurement error is
inherent in most exposure measures used in
epidemiologic research; approaches have
been developed for minimizing this error
and for evaluating its consequences.
While theseadvanceshavebeen incorpo-
rated effectively into studies ofthe health
effects ofsinglecontaminants, the assessment
ofexposures to complex mixtures ofair con-
taminants continues to present a formidable
challenge. At present, no immediate and
majoradvance inmethodologythatwilloffer
resolution to the problems of estimating
exposure to complex mixtures can be antici-
pated. We suggestthat progress can be made
through more effective application and con-
tinued evolution ofalready available meth-
ods, for example, a) development and
validation ofstandardized questionnaires on
Figure 3. Representation of "nested" exposure assessment strategy that utilizes question-
naires to acquire an easily acquired measure of exposure in the whole study population,
while simutaneously obtaining more detailed exposure information by using more sophistti-
cated techniques on ever-decreasing numbers of subjects.
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Levels Number Exposure methods
1 Questionnaires
2 Microenvironmental monitoring
3 Personal monitoring and
time activity diaries
4 Biomarkers and continuous monitoring
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sources, source use, building characteristics,
andinteractions ofsubjectswith indoorenvi-
ronments; b) development and validation of
prediction models for concentrations in the
most frequendy encountered microenviron-
ments and for personal exposure estimates;
c) continued development and critical evalu-
ation ofpersonal monitors and biomarkers
for complex mixtures; and d) development
ofefficientstatisticaldesignsfornestedassess-
ment ofexposures using the more intensive
andaccuratetechniques. Theneededadvances
will be best achieved by interdisciplinary
teams that include epidemiologists, statisti-
cians, and persons with expertise in exposure
assessment and monitoring. ep
REFERENCES
1. Leaderer BP. Assessing exposures to environmental tobacco smoke.
RiskAnalysis 10:19-26 (1990).
2. U.S. Department of Health and Human Services. The health
consequences of involuntary smoking, a report of the Surgeon
General. DHHS PHS Publication No. (CDC) 87-8398.
Rockville, MD: U.S. Government Printing Office, 1986.
3. National Research Council, Committee on Passive Smoking.
Environmental tobacco smoke: measuring exposures and assessing
health effects. Washington, DC: NationalAcademy Press, 1986.
4. Leaderer BP, Hammond SK. Evaluation of vapor-phase nicotine
and respirable suspended particle mass as markers for environmental
tobacco smoke. Environ Sci Technol 25:770-777 (1991).
5. Repace JL, Lowrey AH. Indoor air pollution, tobacco smoke, and
public health. Science 208:464-472 (1980).
6. Spengler JD, Treitman RD, Tosteson T, Mage DT, Soczek ML.
Personal exposures to respirable particulates and implications for air
pollution epidemiology. Environ Sci Technol 19:700-707 (1985).
7. Oldaker GB, Ogden MW, Maiolo KC, Conner JM, Conrad FW,
DeLuca PO. Results from surveys ofenvironmental tobacco smoke
in restaurants in Winston-Salem, North Carolina. In: Indoor Air,
90: Proceedings of the Fifth International Conference on Indoor
Air Quality and Climate, July 29-August 3, 1990, vol 2. Ottowa,
Canada: Canada Mortgage and Housing Corporation, 1990;
281-285.
8. Wallace LA. Volatile organic compounds. In: Indoor air
pollution, a health perspective (Samet JM, Spengler JD, eds).
Baltimore, MD: Johns Hopkins University Press, 1991; 252-272.
9. Molhave L. Indoor airq7Z in relation to sensory irritation due to
volatile organiccompounds. ASHRAETrans. 92: Paper2954 (1986).
10. National Research Council, Committee on Advances in Assessing
Human Exposure to Airborne Pollutants. Human exposure
assessment for airborne pollutants: advances and opportunities.
Washington, DC: National Academy Press, 1991.
11. Ott WR. Total human exposure. Environ Sci Technol
19:880-886 (1985).
12. Lioy PJ. Assessing total human exposure to contaminants, a
multidisciplinaryapproach. Environ SciTechnol 24:938-945 (1990).
13. Duan N. Stochastic microenvironment models for air pollution
exposure. J ExpAnal Environ Epidemiol 1:235-257 (1991).
14. Lioy PJ. Exposure analysis and assessment for low risk cancer
agents. IntJ Epidemiol 19 (Suppl):938-945 (1990).
15. Wallace LR, Ott WR. Personal monitors: astate-of-the-art survey.
J Air Pollut Control Assoc 32:601-610 (1982).
16. Spengler JD, Soczec MC. Evidence for improved ambient air
quality and the need for personal exposure research. Environ Sci
Technol 8:268-280A (1984).
17. U.S. EPA. Research needs in exposure assessment: acomprehensive
5-year assessment (1989-1993). Final draft. Planning document of
the Total Human Exposure Research Council (THERC).
Washington, DC: U.S. Environmental Protection Agency, 1988.
18. Robinson JP. Time-diary research and human exposure
assessment: some methodological considerations. Atmos Environ
22:2085-2092 (1988).
19. Sexton K, Ryan PB. Assessment of human exposure to air
pollution: methods, measurements, and models. In: Airpollution,
the automobile, and public health (WatsonAY, Bates RR, Kennedy
D, eds). Washington, DC: National Academy Press, 1988;
207-238.
20. Ott W. Human activity patterns: a review of the literature for
estimating time spent indoors, outdoors, and in transit. Proceedings
of the Research Planning Conference on Human Activity Patterns
(Stark TH, ed) (EPA/600/4-89/004). Las Vegas, NV: U.S.
Environmental Protection Agency, 1989.
21. Hammond SK, Leaderer BP. Adiffusion monitor to measure exposure
to passivesmoking. Environ SciTechnol 21:494-497 (1987).
22. Litt BR, Waldman JM, Harley NH, Chittaporn P. Results from a
pilot study to compare residential radon concentrations with
occupational exposures using personal monitoring. Health Phys
61:727-735 (1991).
23. Nero AV, Schwehr MB, NazaroffWW, Revzan KL. Distribution
of airborne radon-222 concentrations in U.S. homes. Science
234:992-997 (1986).
24. Koutrakis P, Wolfson JM, Slater JL, Mulik JD, Kronmiller K,
Williams DD. Measurement of toxic and related air pollutants,
VIP-17. Raleigh, NC, 1990; 478.
25. Spengler JD, Ryan PB, Schwab M, Billick IH, Colome SD, Becker
E. An overview ofthe Los Angeles personal monitoring study. In:
Proceedings of the First International Symposium on Total
Exposure Assessment Methodology: A New Horizon, Las Vegas,
NV, 1989. Pittsburgh, PA: Air and Waste Management
Association.
26. Lippmann M. Health effects of ozone. A critical review. J Air
Pollut Control Assoc 39:672-695 (1989).
27. Koutrakis P, Fasano AM, Slater JL, Spengler JD, McCarthy JF,
Leaderer BP. Design of a personal annufer denuder sampler to
measure atmospheric aerosols and gases. Atmos Environ
23:2767-2773 (1989).
28. Waldman JM, Lioy PJ, Thurston GD, Lippmann M. Spatial and
temporal patterns in sulfate aerosol acidity and neutralization
within a metropolitan area. Atmos Environ 24:115-126 (1990).
29. Lioy PJ, Dyba RV. Tropospheric ozone: the dynamics ofhuman
exposure. J Toxicol Environ Health 5:493-504 (1989).
30. Samet JM, Marbury MC, Spengler JD. Health effects and sources of
indoorairpollution. PartII. AmRevRespirDis 137: 221-242 (1988).
31. Marple V, Rubow KL, Turner W, SpenglerJD. Low flow rate and
impactor for indoor air sampling design and calibration. J Air
Pollut Control Assoc 37:1303 (1987).
32. Lioy PJ, Wainman T, Turner W, Marple V. An intercomparison of
the indoor airsampling impactor and the dichotomous sampler for a
10 cm cut size. J Air Pollut Control Assoc 38:668-670 (1988).
33. Ott W. Exposure estimates based on computer generated activity
patterns. Paper 81-57.6, presented at the 74th annual meeting of
the Air Pollution Control Association, Philadelphia, PA, 1981.
34. Johnson T, Paul R. The NAAQS Exposure Model (NEM) applied
to carbon monoxide. EPA-450/5-83-004. Research Triangle Park,
NC: U.S. Environmental Protection Agency, 1983.
35. Ott WR, Thomas J, Mage DT, Wal ace LA. Validation of the
simulation of human activity and pollution exposure (SHAPE)
model using paired days from the Denver, Colorado, carbon
monoxide field study. Atmos Environ 22:2101-2113 (1988).
36. Johnson T. Human activity patterns in Cincinnati, Ohio. Report
no EPRI EN-6204, project 940-6. Electric Power Research
Institute, 1989.
37. Jenkins P, Phillips TJ, Mulberg EJ, Hui, SP. Activity patterns of
Californians: use of and proximity to indoor pollutant sources.
Atmos Environ 26A: 2141-2148 (1992).
38. Leaderer BP, Zagraniski RT, Berwick M, StolwijkJA. Assessment of
exposure to indoor air contaminants from combustion sources:
methodology andapplication. AmJ Epidemiol 124:275-289 (1986).
39. Lubin JH, SametJM, Weinberg C. Design issues in epidemiologic
studies ofindoor exposure to radon and riskoflung cancer. Health
Phys 59:807-817 (1990).
176 Environmental Health Perspectives Supplements
Volume 101, Supplement4, December 1993EXPOSURE TOCOMPLEXMIXTURES
40. Leaderer BP, Wilcox T, Fidler A, Selfridge J, Hurrell J, Kollander
M, Clickner R, Fine L, Teichman K Protocol for a comprehensive
investigation of building-related complaints. In: Indoor Air, 90:
building and system assessment, vol 4 (Walkinshaw D, ed).
Ottawa, Canada: Canada Mortgage and Housing Corporation,
1990; 609-614.
41. National Research Council and Committee on Biological Markers.
Biological markers in environmental health research. Environ
Health Perspect 64:3-9 (1987).
42. Hulka BS, Wilcosky TC, Griffith J, eds. Biological markers in
epidemiology. NewYork: Oxford University Press, 1990.
43. Samet JM, Marbury MC, Spengler JD. Health effects and sources
ofindoor air pollution. Part I. Am Rev Respir Dis 136:1486-1508
(1987).
44. Wallace LA. The total exposure assessment methodology (TEAM)
study: summary and analysis, vol 1, EPA 600/6-87/002a.
Washington, DC: Office of Research and Development, U.S.
Environmental Protection Agency, 1987.
45. Ware HH, Ferris BG, Dockery DW, Spengler JD, Stram DO,
Speizer FE. Effects of ambient sulfur oxides and suspended
particles on respiratory health of children. Am Rev Respir Dis
133:834-892 (1986).
Environmental Health Perspectives Supplements 177
Volume 101, Supplement4, December 1993